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Abstract: Coral reefs are being subjected to an increase in the frequency and intensity of 16 
disturbance, such as bleaching and cyclones, and it is important to document the effects of such 17 
disturbance on reef coral assemblages. Between March 2014 and May 2017, the reefs of Lizard 18 
Island in the northern section of the Great Barrier Reef were affected by four consecutive, 19 
disturbances: severe tropical cyclones Ita and Nathan in 2014 and 2015, and mass bleaching in 2016 20 
and 2017. Loss of coral cover following the cyclones was patchy and dependent on the direction of 21 
the waves generated. In contrast, loss of cover following bleaching was much more uniform. 22 
Overall, coral cover declined five-fold from 36% pre-cyclone Ita to 7% post-bleaching in 2017, 23 
while mean species richness dropped from 10 to four species per transect. The spatial scale and 24 
magnitude of the loss of coral cover in the region suggests that it will be many years before these 25 
reefs recover.  26 
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Introduction 30 
Coral reefs are under threat, with the general consensus that these ecosystems are degrading 31 
globally (Hughes et al. 2003, Hughes et al. 2018a). Reef-building corals provide the habitat 32 
structure that allows associated coral reef fauna to thrive. Therefore, declines in coral cover lead to 33 
loss of fish abundance and species richness (e.g. Jones et al. 2004, Graham et al. 2006). In the 34 
context of global change, the intensity and frequency of climate-associated disturbances on coral 35 
reefs are increasing (Bender et al. 2010). To predict the fate of coral reefs, we need to document and 36 
understand the effects of different types of disturbance on reef coral abundance and diversity.  37 
In the Indo-Pacific region, coral cover has declined on average by 0.7% per year since the 38 
late 1960s (Bruno & Selig 2007). Coral cover change is not monotonic: typically, declines are 39 
episodic and driven by disturbance events such as crown-of-thorn starfish outbreaks, cyclones and, 40 
more recently, mass bleaching events. Disturbance-led declines are typically interspersed with 41 
periods when, under the right conditions, coral cover increases (Gilmour et al. 2013). Coral reefs 42 
are naturally mosaics of communities at different successional stages of recovery from a myriad of 43 
disturbances. However, rapid sequences of intense disturbances can result in phase-shifts in coral 44 
ecosystems (Hughes 1994, Hughes & Connell 1999) from which recovery is much less likely. Some 45 
reefs can recover from large losses of cover, with the abundance of herbivores, topographic 46 
complexity, and depth being important predictors of the probability of recovery (Graham et al. 47 
2015). 48 
Sections of the northern Great Barrier Reef (GBR) centred around Lizard Island were 49 
recently affected by a sequence of extreme disturbances—the first disturbances on record to affect 50 
these reefs in 20 years (Wakeford et al. 2008, Pratchett 2010, Death et al. 2012). In April 2014, 51 
Severe Tropical Cyclone (STC) Ita (Category 4) crossed the island from the north. In March 2015, 52 
STC Nathan (Category 4) affected the island through waves generated from the south. The largest 53 
mass bleaching event on record affected the island in April 2016, with estimates of bleaching and 54 
loss of coral cover in the area of between 50-100% (Hughes et al. 2017), and close to 90% for 55 
Lizard Island (Hughes et al. 2018b). We documented a subsequent bleaching event in early 2017. 56 
This sequence of disturbance has drastically changed the assemblage structure of reefs around the 57 
island when compared to data from 2011 and the mid-1990s. Here, we quantified the cumulative 58 
effects of the two cyclones and two bleaching events on the cover, richness and composition of 59 
coral assemblages at 19 sites around Lizard Island.  60 
 61 
Materials and methods 62 
We used line intercept transects (Loya 1972) to estimate coral cover and species diversity at two to 63 
19 sites around Lizard Island, in the northern Great Barrier Reef (14.6688° S, 145.4594° E) in 1995, 64 
1996, 1997, 2011, 2014, 2015, 2016 and 2017 (see map in Fig. 3 ). North Reef and South Island 65 
were surveyed in 1995; Lizard Head and Washing Machine were added in 1996; North Reef, Lizard 66 
Head, Trimodal, Lagoon 1 and 2 and Horseshoe reef sites were sampled on every sampling 67 
occasion since 2011, the remaining 13 sites were sampled since 2015. At each site, five or six 10m 68 
transects were haphazardly deployed parallel to the reef margin at 1 to 2 m depth and no less than 69 
10m apart. All colonies with a maximum diameter greater than 5 cm were identified to genus 70 
between 1995 and 1997 and to species between 2011 and 2017 following Veron (1986). We did not 71 
transform cover or richness data, and used Welch’s t-tests for unequal variances for reporting 72 
comparisons with an alpha of 0.05. Analyses were run using the function “t.test” in the statistical 73 
software R (R Core Team 2018). 74 
 75 
Results and Discussion  76 
Coral cover, taxonomic richness and assemblage structure at the start of surveys in 2011, and prior 77 
to the sequence of severe disturbances, were very similar to those in the historical surveys in the 78 
1990s (Figs. 1 and 2). The series of disturbances corresponded with in a five-fold loss of coral cover 79 
between 2011 and 2017 at the six sites that were surveyed consistently during this time (from 36% 80 
to 7% average cover; Fig. 1). At the island scale, the decline in cover was particularly high 81 
following cyclone Nathan in 2015, after which cover approximately halved, followed by the 2016 82 
bleaching, after which cover halved again. However, the spatial pattern of loss varied among the 83 
different disturbances (Fig. 3). Following cyclones, coral loss was greatest at sites facing the 84 
direction from which the cyclone approached. For example, following STC Ita, cover declined 85 
proportionally by 85% at North Reef (t=5.33, df=7.47, p<0.001), whereas there was no statistically 86 
significant change in cover at sites on the south side of the island (e.g., Trimodal, Lagoon 1 and 2, 87 
Lizard Head and Horseshoe). Similarly, south-facing sites suffered major declines following 88 
cyclone Nathan. Coral cover declined proportionally by 90% and 66% at Trimodal and Lagoon 2, 89 
respectively (t=9.7, df=8.57, p<0.001; t=2.98, df=6.62, p=0.02), whereas there was no further 90 
change in cover at North Reef (t=0.40, df=2.82, p=0.72). In contrast, loss of cover following 91 
bleaching was more uniform across the six main sites following both bleaching events, with all sites 92 
with greater than 10% cover remaining showing significant declines in cover. Nonetheless, coral 93 
cover at some of the 19 sites surveyed since 2014 has remained relatively constant or even 94 
increased, particularly Resort, Cooks Path and Turtle Beach (Fig. 3), which were dominated by taxa 95 
such as Montipora and Porites that are less susceptible to bleaching. Overall, these patterns are 96 
consistent with previous research suggesting that cyclone-driven declines in cover are patchy and 97 
mediated by exposure to prevailing winds (Connell et al. 2004, Wakeford et al. 2008, Fabricius et 98 
al. 2008), whereas bleaching-driven declines tend to be more uniform and contingent on the 99 
structure of the coral assemblage at the time of bleaching (Marshall & Baird 2000, McClanahan et 100 
al. 2005). 101 
The cumulative results of these four major disturbances are drastically altered coral 102 
assemblages. Loss of cover was accompanied by declines in genus and species richness (Fig. 4). 103 
The total number of species across the six consistently surveyed sites decreased from 76 in 2011 to 104 
49 in 2017. Furthermore, only 28 of the species recorded in 2011 were recorded again in 2017. 105 
Many of the additional 21 species recorded in 2017 were likely hidden within the living structure of 106 
the reef, such as underneath tabular-Acropora spp. colonies (Baird & Hughes 2000). Therefore, the 107 
loss of species richness is likely to be more extensive than the observed net difference before and 108 
after the disturbances (i.e., 76 vs. 28 species). The spatial patterns across sites for average species 109 
richness per transect (and genus richness, which could be included for 1995-97) were consistent 110 
with the patterns of change in cover, but far less pronounced (Fig. 1 and 3). 111 
In the historical surveys, and prior to STC Ita, most reefs around Lizard Island were 112 
dominated by Acropora spp. (Fig. 2). For instance, on Trimodal Reef in 2005 there were 43 113 
Acropora spp, including the third and fourth most abundant species at the site (Dornelas & 114 
Connolly 2008). Only one of these species, A. hyacinthus, occurred on the transects in 2017 and 115 
was represented by only a few, very small colonies. Acropora cover declined by over 95% (Fig. 2, 116 
dark blue), more than any other genus. Currently, the dominant benthic taxa at Lizard Island are soft 117 
corals and members of the hard coral genus Porites, and family Faviidae. Here, Porites, 118 
Pocillopora, Faviidae and Stylophora were the only common taxa that lost less than half their cover 119 
across the sequence of disturbances (Fig. 2).  120 
The two cyclones and two bleaching events have changed Lizard Island coral assemblages 121 
profoundly. The high mortalities resulting from these events have reduced coral cover to below 4% 122 
at ten out of the 19 sites. Only two sites have cover above 40% in 2017, which was the norm for 123 
Lizard Island’s reefs prior to these disturbances (Fig. 1; Wakeford et al. 2008, Pratchett et al. 2010). 124 
Moreover, the species most affected were those that created much of the structural complexity of 125 
these reefs. The current most common taxa have much simpler morphologies (e.g., massive Porites 126 
and Faviidae) and account for very little coral over on the reef of Lizard Island. These changes are 127 
likely to have severe knock-on effects on the abundance and diversity of fishes that rely on 128 
structural complexity for habitat (Pratchett et al. 2006, Wilson et al. 2006).  129 
Whether the reefs around Lizard will recover from this degraded state remains to be seen. 130 
Estimates of recovery time following major disturbances range from 5-20 years (Done et al. 2010, 131 
Johns et al. 2014). While the effects of the cyclones were dramatic, the spatially clustered nature of 132 
their effects mean that multiple source populations remained in the region to potentially supply 133 
recruits for recovery. However, the cumulative effects of the cyclones and mass bleaching means 134 
that far fewer reproductively active adults remain in the region. In fact, recruitment rates in the area 135 
have dropped by two orders of magnitude following the mass bleaching (Woods et al. in prep) and 136 
are likely to increase the expected recovery period. In contrast, the abundance of juveniles (i.e., 137 
colonies < 5 cm maximum diameter) has been much more stable, and the juveniles of most taxa 138 
were less affected by bleaching than the adults (Alvarez-Noriega et al. 2018) offering some promise 139 
of a recovery, but only if the region does not experience another severe disturbance event in the 140 
next decade.   141 
 142 
References 143 
 144 
Alvarez-Noriega M, Baird AH, Bridge T, Dornelas M, Fontoura L, Precoda K, Torres-Pulliza D, 145 
Woods RM, Zawada K, Madin JS (2018) Contrasting patterns of bleaching susceptibility 146 
between juvenile and adult corals. Coral Reefs 37:527-532  147 
Baird AH, Hughes TP (2000) Competitive dominance by tabular corals: an experimental analysis of 148 
recruitment and survival of understorey assemblages. Journal of Experimental Marine 149 
Biology and Ecology 251:117-132 150 
Bender MA, Knutson TR, Tuleya RE, Sirutis JJ, Vecchi GA, Garner ST, Held IM (2010) Modeled 151 
Impact of Anthropogenic Warming on the Frequency of Intense Atlantic Hurricanes. Science 152 
327:454-458 153 
Bruno JF, Selig ER (2007) Regional decline of coral cover in the Indo-Pacific: Timing, extent, and 154 
subregional comparisons. Plos One 2:e711 155 
De'ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27-year decline of coral cover on the 156 
Great Barrier Reef and its causes. Proceedings of the National Academy of Sciences of the 157 
United States of America 109:17995-17999 158 
Done T, DeVantier L, Turak E, Fisk D, Wakeford M, van Woesik R (2010) Coral growth on three 159 
reefs: development of recovery benchmarks using a space for time approach. Coral Reefs 160 
29:815-833 161 
Dornelas M, Connolly SR (2008) Multiple modes in a coral species abundance distribution. 162 
Ecology Letters 11:1008-1016 163 
Fabricius KE, De'ath G, Puotinen ML, Done T, Cooper TF, Burgess SC (2008) Disturbance 164 
gradients on inshore and offshore coral reefs caused by a severe tropical cyclone. Limnology 165 
and Oceanography 53:690-704 166 
Gilmour JP, Smith LD, Heyward AJ, Baird AH, Pratchett MS (2013) Recovery of an isolated coral 167 
reef system following severe disturbance. Science 340:69-71 168 
Graham NAJ, Jennings S, MacNeil MA, Mouillot D, Wilson SK (2015) Predicting climate-driven 169 
regime shifts versus rebound potential in coral reefs. Nature 518:94-97 170 
Graham NAJ, Wilson SK, Jennings S, Polunin NVC, Bijoux JP, Robinson J (2006) Dynamic 171 
fragility of oceanic coral reef ecosystems. Proceedings of the National Academy of Sciences 172 
of the United States of America 103:8425-8429 173 
Hughes TP (1994) Catastrophes, Phase-Shifts, and Large-Scale Degradation of a Caribbean Coral-174 
Reef. Science 265:1547-1551 175 
Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough JM, Baird AH, Baum JK, 176 
Berumen ML, Bridge TC, Claar DC, Eakin CM, Gilmour JP, Graham NAJ, Harrison H, 177 
Hobbs J-PA, Hoey AS, Hoogenboom M, Lowe RJ, McCulloch MT, Pandolfi JM, Pratchett 178 
M, Schoepf V, Torda G, Wilson SK (2018a) Spatial and temporal patterns of mass bleaching 179 
of corals in the Anthropocene. Science 359:80-83 180 
Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, Folke C, Grosberg R, Hoegh-181 
Guldberg O, Jackson JBC, Kleypas J, Lough JM, Marshall P, Nystrom M, Palumbi SR, 182 
Pandolfi JM, Rosen B, Roughgarden J (2003) Climate change, human impacts, and the 183 
resilience of coral reefs. Science 301:929-933 184 
Hughes TP, Connell JH (1999) Multiple stressors on coral reefs: A long-term perspective. 185 
Limnology and Oceanography 44:932-940 186 
Hughes TP, Kerry JT, Álvarez-Noriega M, Álvarez-Romero JG, Anderson KD, Baird AH, Babcock 187 
RC, Beger M, Bellwood DR, Berkelmans R, Bridge TC, Butler IR, Byrne M, Cantin NE, 188 
Comeau S, Connolly SR, Cumming GS, Dalton SJ, Diaz-Pulido G, Eakin CM, Figueira WF, 189 
Gilmour JP, Harrison HB, Heron SF, Hoey AS, Hobbs J-PA, Hoogenboom MO, Kennedy 190 
EV, Kuo C-y, Lough JM, Lowe RJ, Liu G, McCulloch MT, Malcolm HA, McWilliam MJ, 191 
Pandolfi JM, Pears RJ, Pratchett MS, Schoepf V, Simpson T, Skirving WJ, Sommer B, Torda 192 
G, Wachenfeld DR, Willis BL, Wilson SK (2017) Global warming and recurrent mass 193 
bleaching of corals. Nature 543:373-377 194 
Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, Heron SF, Hoey AS, 195 
Hoogenboom MO, Liu G, McWilliam MJ, Pears RJ, Pratchett MS, Skirving WJ, Stella JS, 196 
Torda G (2018b) Global warming transforms coral reef assemblages. Nature 556:492-496 197 
Johns KA, Osborne KO, Logan M (2014) Contrasting rates of coral recovery and reassembly in 198 
coral communities on the Great Barrier Reef. Coral Reefs 33:553-563 199 
Jones GP, McCormick MI, Srinivasan M, Eagle JV (2004) Coral decline threatens fish biodiversity 200 
in marine reserves. Proceedings of the National Academy of Sciences of the United States of 201 
America 101:8251-8253 202 
Loya Y (1972) Community structure and species diversity of hermatypic corals at Eilat, Red Sea. 203 
Marine Biology 13:100-112 204 
Marshall PA, Baird AH (2000) Bleaching of corals on the Great Barrier Reef: differential 205 
susceptibilities among taxa. Coral Reefs 19:155-163 206 
McClanahan TR, Maina J, Moothien-Pillay R, Baker AC (2005) Effects of geography, taxa, water 207 
flow, and temperature variation on coral bleaching intensity in Mauritius. Marine Ecology-208 
Progress Series 298:131-142 209 
Pratchett MS, Wilson SK, Baird AH (2006) Long-term monitoring of the Great Barrier Reef. J Fish 210 
Biol 69:1269-1280 211 
Pratchett MS (2010) Changes in coral assemblages during an outbreak of Acanthaster planci at 212 
Lizard Island, northern Great Barrier Reef (1995–1999). Coral Reefs 29:717-725 213 
R Core Team (2018) R: A language and environment for statistical computing. R Foundation for 214 
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 215 
Veron JEN (1986) Veron, J. E. N. 1986. Corals of Australia and the Indo-Pacific. Angus & 216 
Robertson, Sydney. 217 
Wakeford M, Done TJ, Johnson CR (2008) Decadal trends in a coral community and evidence of 218 
changed disturbance regime. Coral Reefs 27:1–13 219 
Wilson SK, Graham NAJ, Pratchett MS, Jones GP, Polunin NVC (2006) Multiple disturbances and 220 
the global degradation of coral reefs: are reef fishes at risk or resilient? Glob Change Biol 221 
12:2220-2234 222 
Woods RM, Baird AH, Madin JS (unpublished) A collapse in larval supply following mass coral 223 
bleaching.  224 
 225 
  226 
 227 
 228 
 229 
Acknowledgments 230 
We thank the Lizard Island Research Station staff for their support. Funding was provided by the 231 
Australian Research Council Centre of Excellence for Coral Reef Studies (AHB COE140100020) 232 
and the Templeton Foundation (60501). MD is grateful to the Scottish Funding Council (MASTS, 233 
grant reference HR09011), and the European Research Council (grant BioTIME, and grant 234 
BioCHANGE). MD and JSM thank the John Templeton Foundation for funding.  235 
  236 
Figure captions 237 
Figure 1. Change in average (A) coral cover, (B) genus richness and (C) species richness per 238 
transect (±SE) for the six consistently surveyed reefs at Lizard Island. Black arrows: tropical 239 
cyclones; red arrows: bleaching events. 240 
 241 
Figure 2. Compositional change in cover of the ten most dominant taxa: nine coral genera and a 242 
single category for soft corals. Arrows correspond with tropical cyclones (black) and bleaching 243 
events (red). Soft coral was not surveyed in the 1990s. Due to low densities, Seriatopora was not 244 
recorded in some years. Sample sizes reported refer to number of sites surveyed (see Methods for 245 
details of within-site replication). 246 
 247 
Figure 3. Change in coral cover (grey bars ±SE) and per transect species richness (white bars ±SE) 248 
across the 19 Lizard Island sites (6  surveyed since 2011, 13 since 2015).  Grey shading land and 249 
light grey shading is coral reef.  250 
 251 
Figure 4. Temporal trajectories of changes in coral cover and species richness per transect for the 252 
six consistently surveyed sites. Grey background points show data for all sites and years.  253 
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